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A protocol for negative ion nanoelectrospray ionization Fourier transform ion cyclotron
resonance mass spectrometry ()nanoESI-FTICR MS, investigation of complex biological
mixtures consisting of sialylated or sulfated glycosphingolipids (GSL) expressing high
heterogeneity in the ceramide portion is described. Different instrumental and solvent
conditions were explored and optimized to promote efficient ionization, reduce the in-source
fragmentation and consequently enhance the detection of intact molecular species from
complex mixtures. Using the novel optimized ()nanoESI-FTICR MS protocol, a reliable and
detailed compositional fingerprint of the polysialylated ganglioside mixture isolated from
human brain was obtained. Sustained off-resonance irradiation collision-induced dissociation
mass spectrometry (SORI-CID MS2) was introduced for the first time for structural elucidation
of polysialylated gangliosides. Under well-defined conditions, an informative fragmentation
pattern of the trisialylated ganglioside GT1 was obtained. The compositional mapping of a
complex mixture of sulfated glucuronic acid containing neolacto-series GSLs extracted from
bovine Cauda equina provided hard evidence upon previously described components and new
structures not identified before by any other analytical method. Negative ion nanoESI-FTICR
MS at 9.4 T is shown here to represent a valuable method in glycolipidomics, allowing a high
resolution and mass accuracy detection of major and minor GSL glycoforms and identification
of known and novel biologically relevant structures. (J Am Soc Mass Spectrom 2005, 16,
571–580) © 2005 American Society for Mass SpectrometryAcidic GSLs, like sialylated glycosphingolipids(GSLs), called gangliosides (GGs), and sulfatedglucuronic acid containing glycosphingolipids
(sulfo-GlcA-GSLs) are located in the outer leaflet of
plasma membrane, being expressed at the cell surface of
various cell types and widely distributed in vertebrates,
especially in the nervous system of mammals [1–4].
While gangliosides are most abundant in the central
nervous system (CNS) [5, 6], sulfated GlcA-GSLs were
found to be primarily localized in peripheral nerves
[7, 8]. They are implicated in prominent biological
Published online March 5, 2005
Address reprint requests to Dr. J. Peter-Katalinic´, Laboratory for Biomedical
Analysis, Institute for Medical Physics and Biophysics, University of
Münster, Robert Koch Strasse 31, D-48149 Münster, Germany. E-mail:
jkp@uni-muenster.de
* Equal contribution.
† Also at the Department of Chemistry and Biochemistry, Faculty of
Medicine, University of Zagreb, Zagreb, Croatia.
© 2005 American Society for Mass Spectrometry. Published by Elsevie
1044-0305/05/$30.00
doi:10.1016/j.jasms.2005.01.013processes, such as fetal development [9], maturation,
differentiation, aging [10], and involved in malignant
transformation [11] and neurodegeneration [12].
To elucidate the structure of the GSL species in-
volved in particular physiological or pathological pro-
cesses by mass spectrometry sensitive and accurate
analysis involving nanoESI-QTOF MS tandem MS [13,
14], on-line capillary electrophoresis/()nano-ESI-
QTOF MS/MS [15], and fully automated chip-based
nanoESI-QTOF MS have been implemented in our
laboratory for structural characterization of isolated
fractions and for detailed compositional mapping of
complex native GSL mixtures extracted from bovine
and human tissues [16].
During the last few years, FTICR MS has matured to
become an indispensable tool in bioanalytical studies. The
unique features of the FTICR MS in comparison to all
other MS methods are the ultra-high resolution and mass
determination accuracy, both beneficial for detection and
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572 VUKELIC´ ET AL. J Am Soc Mass Spectrom 2005, 16, 571–580identification of unknown, minor components in complex
biological mixtures. Additionally, FTICR MS provides the
advantage of several ion fragmentation techniques based
on precursor dissociation such as sustained off-resonance
collision induced-dissociation (SORI-CID), infrared laser
multiphoton dissociation (IRMPD), or electron capture
dissociation (ECD), as well as the possibility to perform
multiple stage MS (MSn).
For glycomic surveys, capillary nanoESI [17–19] and
chip-based ESI [20, 21] FTICR tandem MS in the negative
ion mode were recently shown to be most substantial for
characterization of complex glycopeptide and oligosac-
charide mixtures originating from biological sources.
Polysialylated gangliosides were also amenable for
MALDI FTICR MS analysis by using an improved
protocol to avoid typical metastable fragmentation of
gangliosides containing up to five sialic acids and to
allow detection of intact molecular ions in both positive
and negative ion mode [22].
For nanoESI-FTICR tandem MS analysis of ganglio-
sides, however, only preliminary data obtained in our
laboratory on detection and sequencing by SORI CID
MS3 were reported so far [23].
In this context, the aim of the present study is to offer a
general approach based on the negative ion ESI-FTICR
tandem MS for analysis of different types of biological
GSL mixtures. Instrumental and solvent conditions were
selected to provide stable spray, higher ionization yield of
minor components, minimization of the in-source frag-
mentation, and an efficient fragmentation of polysialy-
lated ganglioside species. NanoESI-FTICR MS providing
high mass accuracy, resolution, and the particular ability
to discover novel GSL species in complex mixtures, rep-
resents an alternative potent tool for glycolipidomics.
Experimental
Reagents
Ammonium acetate (98–100%) and methanol of analyti-
cal-grade were purchased from AppliChem (Darmstadt,
Germany) and used without further purification. Propa-
nol and chloroform for sample solution preparation were
purchased from Merck (Darmstadt, Germany). Omega
glass capillaries (Hillenberg, Germany) used for nanoESI-
FTICR MS experiments were pulled in-house by a vertical
pipette puller model 720, David Kopf Instruments (Tu-
junga, CA). Prior to analysis, all sample solutions were
centrifuged at 7000 rpm for 2 h in a Biocentrifuge 5415C
(Eppendorf, Hamburg, Germany). All sample solutions
were dried in a SpeedVac SPD 111V evaporator (Savant,
Düsseldorf, Germany).
Biological Samples
Biological samples investigated in this study were: (1) the
purified GT1 fraction isolated from the crude ganglioside
mixture from normal adult human brain using prepara-
tive high performance thin-layer chromatography(HPTLC) as previously described in detail [13]; (2) the
native complex mixture of sulfated glucuronyl glyco-
sphingolipids purified from bovine Cauda equina, isolated
as native acidic GSL fraction according to the procedure
described elsewhere [24]. Gangliosides and the sulfated
glucuronyl GSLs are abbreviated according to the system
of Svennerholm [25, 26] and the recommendations of
IUPAC-IUB Commission on Biochemical Nomenclature
as follows for the major isomers: GT1b, IV3--Neu5Ac,II3-
-(Neu5Ac)2-Gg4Cer; IV
3-GlcA(3-sulfo)-nLc4Cer [27, 28].
Stock solutions of the mixtures were prepared by
dissolving the dried lipid material at the concentration
of 1 mg/ml in methanol, and subsequently stored at
20 °C. The concentration of working solutions was
approximately 5 pmol l1 in all tested solvent systems,
calculated using the average relative molecular mass of
components; the solutions were prepared by drying the
stock solutions aliquots and subsequent dissolving in
the chosen testing solvent systems.
Mass Spectrometry
MS experiments were performed on a Bruker Apex II
Fourier transform ion cyclotron resonance mass spec-
trometer (Bruker Daltonik, Bremen, Germany)
equipped with a 9.4 T superconducting actively
shielded magnet (Magnex Scientific Ltd., Oxford, UK)
and an Infinity cell. Gas-phase ions were generated
from solution by nanoelectrospray ionization (nanoESI)
in the negative ion mode using an Apollo ion source. In
this configuration the sample is introduced into the
home-made non-coated glass capillaries in which a
stainless steel wire kept at the ground potential is
inserted. The ESI parameters were optimized to allow
an efficient ionization and to reduce the in-source
fragmentation of molecular ions. The capillary exit
voltage was varied within 100–380 V to ensure an
optimal ion transfer into MS and to provide a high ionic
yield of the molecules. The electrospray generated ions
were accumulated for 1–2 s in the hexapole located after
the second skimmer of the ion source and then trans-
ferred into the ion cyclotron resonance cell. Ions were
trapped by the Sidekick method. The precursor ions
were isolated by standard ejection procedures to elim-
inate all ions except those of interest. Thus, a broad
band rf pulse and high-resolution clean-up shots fol-
lowed by 40 ms introduction of argon through a pulsed
valve into the cell were applied. SORI-CID MS2 was
subsequently performed using an excitation rf pulse
frequency 1000 Hz higher than the cyclotron frequency
of the ion of interest. The amplitude of the excitation
pulse was adjusted to induce a specific fragmentation.
The pulse length was set to 0.4 s. After a reaction delay
of 1.5 s the fragment ions were detected. All mass
spectra were acquired in the broad band mode with 512
kpoints/scan and externally calibrated. The peaks
marked with a star in the spectra originate from either
electronic noise by the preamplifier or from detection of
radio frequencies of unknown radiating sources. The
nom
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so that they are barely detectable, but visible in MS2,
due to the relative lower abundance of fragment ions.
The assignment of the fragment ions follows gener-
ally the ion nomenclature proposed by Domon and
Costello [29, 30]. For the calculation of the theoretical
monoisotopic masses of ions, the values for atomic
masses of the most abundant isotopes given by De
Laeter et al. [31] were used. The mass of electron,
generating the negative charge, was included in accor-
dance to Mamer et al. [32].
Results and Discussion
Optimization of the ()NanoESI-FTICR MS
for Screening of Sialylated Glycosphingolipids
Screening and sequencing of sialylated glycosphingolip-
ids (GSL) by MS is a challenging task. Our previous
studies upon brain ganglioside ionization by ()nanoESI-
quadrupole time-of flight (QTOF) MS [13, 14] demon-
strated that for efficient ionization and sequencing, ele-
vated capillary and sampling cone voltages were required.
Even under these conditions, an extended time (1000
scans) for MS/MS signal acquisition was shown to be
beneficial for a high coverage of sequence ions. These
features are attributed to the presence of the less ionizable
lipid moiety, lability of the Neu5Ac, on one hand and
harsher conditions for cleavage of residual glycosidic
bonds to generate complete set of fragment ions on the
other. Besides, the solubility of gangliosides in organic
Figure 1. ()NanoESI-FTICR MS of the puri
ganglioside mixture. Solvent: Methanol/1-pro
(16:3:3:2, vol/vol/vol/vol). Sample concentrat
Number of scans: 100. All signals assigned as G
assignment of fragment ions is according to thesolvents or their mixtures with water is restricted, givingrise either to formation of layers or micelles, both repre-
senting inhomogeneous phases incompatible with forma-
tion of a stable spray and an efficient ionization process.
For these reasons, an extensive study regarding the FTICR
MS conditions was carried out.
In order to find an optimal solvent enabling (1) high
solubility, (2) full miscibility, (3) stable spray over a
period of 30 or more minutes, (4) pH higher than 7 for
preformation of the negative charge for all ganglioside
and sulfated GSL components, and (5) a minimal level
of in-source fragmentation, a number of solvent combi-
nations was tested. Methanol, 1-propanol, 2-propanol,
ammonium acetate, chloroform, and water were used
as such and/or in different combinations, volume ra-
tios, and concentrations, to meet all five criteria. With
purified GT1 fraction, fair results were obtained with
pure methanol, but with less volatile methanol mixtures
like methanol/water (1:1, vol/vol), chloroform/metha-
nol/13 mM aq. ammonium acetate (3:10:3, vol/vol/
vol), and methanol/1-propanol/2-propanol/13 mM aq.
ammonium acetate (16:3:3:2, vol/vol/vol/vol) as well.
The ()nanoESI-FTICR MS from the GT1 fraction in
methanol/1-propanol/2-propanol/13 mM aq. ammo-
nium acetate (16:3:3:2, vol/vol/vol/vol) at a concentration
of 5 pmol l1 is depicted in Figure 1. This solvent system
significantly enhanced the spray stability, to enable signal
acquisition over 100 scans, generate a fair ionization level,
and allow ion detection at a good signal-to-noise ratio.
This aspect is clearly illustrated in Figure 1 by the singly
charged ions at m/z 2127.073 and 2155.091, corresponding
GT1 fraction from normal adult human brain
l/2-propanol/13 mM aq. ammonium acetate
pmol l1. Capillary exit voltage: 300 V.
ecies appear as [M  H] molecular ions. The
eclature of Domon and Costello [29, 30].fied
pano
ion: 5
T1 spto GT1 (d18:1/18:0) and GT1 (d18:1/20:0), respectively.
574 VUKELIC´ ET AL. J Am Soc Mass Spectrom 2005, 16, 571–580The singly charged ion at m/z 2171.009 is shifted with 16 u
with respect to the latter ion and therefore could arise
either from the GT1 (t18:1/20:0) or the GT1 (d18:1/h20:0)
molecular species. Such species were not detected in the
brain GT1 fraction by any other MS or chip MS method
applied by us before [13, 14]. The species containing
hydroxy fatty acid are, however, more probable as they
have been reported to be present in brain tissues. Under
the ionization/detection conditions described above, a
high degree of in-source GT1 decomposition was ob-
served, giving rise to abundant fragment ions correspond-
ing to the cleavage of one sialic acid moiety at m/z 1817.956
as a Z4 or Z3 (d18:1/18:0), m/z 1835.973 as a Y4 or Y3
(d18:1/18:0), m/z 1863.999 as a Y4 or Y3 (d18:1/20:0) and
m/z 1879.992 as a Y4 or Y3 (t18:1/20:0), respectively.
Additionally, abundant singly charged ions at m/z
1544.875 and 1572.901 corresponding either to the GM1
(d18:1/18:0) or to the GM1 (d18:1/20:0) molecular species
as single components, or to fragment ions generated by an
in-source cleavage of two sialic acid moieties from the
original GT1 molecular ions. However, assessment of the
analyte composition by thin layer chromatography (TLC)
and immunostaining prior to MS analysis clearly indi-
cated that the mixture contains a low amount of GD1, but
definitely no GM1 molecular species. Therefore, the sig-
nals at m/z 1544.875 and 1572.901 are to be considered as
fragment ions and assigned to Y2 or Y4/B1 (d18:1/18:0)
and Y2 or Y4/B1 (d18:1/20:0). Similar results regarding
to the MS signal intensity and in-source fragmentation
were obtained using chloroform/methanol/13 mM aq.
ammonium acetate (3:10:3, vol/vol/vol) and methanol/
water at different ratios as solvent systems (data not
Figure 2. ()NanoESI-FTICR MS of the puri
ganglioside mixture. Solvent: Methanol. Sample
300 V. Number of scans: 200. The assignment
Domon and Costello [29, 30].shown). In pure methanol at a concentration of 5 pmol ofthe GT1 fraction l1, however, at the same capillary exit
voltage of 300V, upon 200 scans acquired (Figure 2), the
level of in-source decomposition was decreased, and a
significantly higher intensity of intact GT1 molecular ions
was obvious in comparison to that in Figure 1. Besides, the
doubly charged ions at m/z 1063.026 and 1077.042 corre-
sponding to the GT1 (d18:1/18:0) and GT1 (d18:1/20:0),
respectively, indicated a higher ionization efficiency of
GT1 species, as well as more prompt formation of the
multiply charged ions when methanol was used as a
solvent, even under these high capillary exit voltages.
Moreover, a higher ionic yield of a number of additional
species in the m/z range of 2100–2150 compared to that in
Figure 1 is clearly visible. Their ionization properties
under ESI/FTICR MS conditions and their unequivocal
assignment will be explored in further studies. Major
molecular and fragment ion species detected within a
mass accuracy better than 10 ppm are listed in Table 1.
Generally, under the conditions of a stable spray, an
informative spectrum was obtained by 50 scans of signal
acquisition during which approximately 2.5 l of the
sample solution in methanol was sprayed. Consequently,
the sample consumption for an informative spectrum was
roughly calculated to be less than 12.5 pmol of the entire
sample mixture, indicating a rather high sensitivity of this
approach.
In order to assess the possibility to minimize the
in-source loss of the sialic acid residues and enhance the
detection of intact sialylated GT1 species, the experi-
ment in pure methanol was repeated under conditions
of the stepwise decrease of the capillary exit voltage.
One hundred fifty V was found to be an optimal value
GT1 fraction from normal adult human brain
centration: 5 pmol l1. Capillary exit voltage:
agment ions is according to the nomeclature offied
con
of frfor promoting a fairly high ionic yield of the GT1
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minimal (Figure 3). The most abundant ions correspond
to GT1 species expressing various ceramide portions,
detected as doubly charged ions at a fairly high signal-
Figure 3. ()NanoESI-FTICR MS of the puri
ganglioside mixture. Solvent: Methanol. Sample
150 V. Number of scans: 150. The assignment
Table 1. The assignment of major molecular and fragment ions
detected from the spectrum of the GT1 fraction from human
brain, as depicted in Figure 2. Only the ions within the 10 ppm





917.479 917.478 Y4 or Y3 (d18:1/18:0) 2-
931.493 931.494 Y4 or Y3 (d18:1/20:0) 2-
1063.026 1063.026 GT1 (d18:1/18:0) 2-
1077.042 1077.042 GT1 (d18:1/20:0) 2-
1516.848 1516.838 Y4/B1 or Y2 (d18:1/16:0) 1-
1544.876 1544.869 Y4/B1 or Y2 (d18:1/18:0) 1-
1558.891 1558.885 Y4/B1 or Y2 (d18:1/19:0) 1-
1572.904 1572.900 Y4/B1 or Y2 (d18:1/20:0) 1-
1588.898 1588.895 Y4/B1 or Y2 (t18:1/20:0) 1-
1817.959 1817.954 Z4 or Z3 (d18:1/18:0) 1-
1835.975 1835.964 Y4 or Y3 (d18:1/18:0) 1-
1845.990 1845.985 Z4 or Z3 (d18:1/20:0) 1-
1857.952 1857.946 Y4 or Y3 (Na) (d18:1/18:0) 1-
1864.002 1863.996 Y4 or Y3 (d18:1/20:0) 1-
1878.022 1878.012 Y4 or Y3 (d18:1/21:0) 1-
1885.977 1885.978 Y4 or Y3 (Na) (d18:1/20:0) 1-
2109.050 2109.048 GT1 (d18:1/18:0)  H2O 1-
2127.078 2127.059 GT1 (d18:1/18:0) 1-
2137.096 2137.080 GT1 (d18:1/20:0)  H2O 1-
2149.039 2149.040 GT1 (d18:1/18:0) (Na) 1-
2155.090 2155.091 GT1 (d18:1/20:0) 1-
2165.020 2165.035 GT1 (t18:1/18:0) (Na) 1-
2177.080 2177.073 GT1 (d18:1/20:0) (Na) 1-
d, dihydroxy sphingoid base; t, trihydroxy sphingoid baseDomon and Costello [29, 30].to-noise ratio, after 150 scans signal acquisition. Thus,
the doubly charged ion at m/z 1063.028 is attributed to
the GT1 (d18:1/18:0), while the GT1 (d18:1/20:0) is
observed as the most abundant doubly charged ion at
m/z 1077.043. Their related sodiated species are also
detected as doubly charged ions at m/z 1074.017 and
1088.033, respectively, while the neutral loss of water
from both GT1 (d18:1/18:0) and GT1 (d18:1/20:0) is
represented (Figure 3) by low abundant doubly charged
ions at m/z 1054.020 and 1068.046, respectively. A lower
degree of the in-source fragmentation in Figure 3 com-
pared to Figures 1 and 2 is indicated by the lack of ions
at nominal values of m/z 1544 and 1572 corresponding
to the cleavage of two sialic acid moieties.
Fragmentation of Trisialylated Ganglioside (GT1)
Species by SORI CID MS2
Taking advantage of the MS signal stability in pure
methanol as a solvent and high intensity of the molec-
ular ion species, the possibility to optimize and perform
SORI-CID MS2 has been explored. The doubly charged
ion at m/z 1077.043 attributed to GT1 (d18:1/20:0) was
chosen as a precursor ion. By careful adjustment of the
correlated sweep and shots parameters, a fair isolation
of the precursor ion, as represented in the spectrum
inserted in Figure 4, was possible. The ()nanoESI-
FTICR-SORI-CID MS2 of the doubly charged ion at m/z
1077.043 acquired for 150 scans is depicted in Figure 4.
The excitation pulse length was set at 0.4 s to induce a
specific fragmentation of the GT1 (d18:1/20:0) species.
The structure of the expected major GT1 isomer, GT1b,
and the subsequent fragmentation scheme correspond-
GT1 fraction from normal adult human brain
centration: 5 pmol l1. Capillary exit voltage:
agment ions is according to the nomeclature offied
con
of fr
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Scheme 1. The fragment ion resulting from the cleavage
of one sialic acid residue from the intact molecule was
detected both as a singly charged ion at m/z 1863.979
and as a doubly charged one at m/z 931.490 (Y4 or Y3),
along with its counterpart ion at m/z 290.089 (B1)
arising from the non-reducing end, characterizing the
NeuAc moiety. The ion at m/z 1572.889 (Y2 or
Y4/B1) could be generated either by the successive
stripping of two separate monosialo groups or by the
loss of the disialo element from the GT1 molecular
ion. The disialo group is documented by the fairly
abundant ion at m/z 581.180 (B2), detected at high
mass accuracy. In addition, a singly charged frag-
ment ion containing ceramide moiety at m/z 917.480 is
assigned to Y2/B2. An interesting feature of the
Figure 4. ()NanoESI-FTICR SORI-CID MS2 o
ing to the GT1 (d18:1/20:0). Solvent: Methanol
voltage: 150 V. Number of scans: 150. Inset: I
1077.043. The assignment of fragment ions is acco
30].
Scheme 1. The structure of the GT1b gang
fragmentation pattern obtained by MS/MS of
corresponding to the GT1 (d18:1/20:0). The
nomeclature of Domon and Costello [29, 30].SORI-CID MS2 is the generation of the A-type ring
cleavage ion at m/z 306.082 assigned to the 2,4A2-CO2
or alternatively 2,4A3/B1-CO2 from the NeuAc-Gal
sequence. An unusual ion at m/z 1249.77 corresponds
to the X-type ring cleavage ion, 2,5X3-CO2/B3. Al-
though of relatively low abundance, this fragment
ion is consistent within a very good mass accuracy
with the structure CerHex2NeuAc  42 u. This frag-
ment can be formed only by the 2,5X ring cleavage of
the second NeuAc residue bound to the NeuAc
attached to the inner Gal of the neutral core chain of
the GT1 (or alternatively GD1) molecule. The ion is
therefore, specific for the GT1 molecular form carry-
ing the disialo group at the inner Gal residue i.e., for
the GT1b or potentially the GT1b isomer. Most
probably, the ion would be specific for the b-series
doubly charged ion at m/z 1077.043 correspond-
ple concentration: 5 pmol l1. Capillary exit
on of the precursor doubly charged ion at m/z
g to the nomeclature of Domon and Costello [29,
e species and the fragmentation scheme of
doubly charged precursor ion at m/z 1077.043
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group at the inner Gal of the main core of the
molecule, like in GD1b, GT1b, GT1b, GQ1b, GQ1b,
GP1b, GP1b etc. The signal intensity of all these
diagnostic ions could be generally increased by
longer signal accumulation in the SORI CID MS/MS
mode, yet under a higher sample consumption. The
high mass accuracy and resolution conditions during
the experiment was, however, sufficient for an accu-
rate assignment of these diagnostic ions to the struc-
ture of the GT1b isomer.
In conclusion, under the sequencing conditions as
described above, Y and B type fragment ions, preferen-
tially formed, were shown to be advantageous for
detection of sialylated product ions. This aspect is of
major importance for development of a strategy for
sequencing of polysialylated saccharides [17], particu-
larly GSLs, by FTICR MS. We describe here, for the first
time according to our knowledge, a novel FTICR SORI-
CID MS2 protocol optimized for reliable assessment of
sialylation patterns in polysialylated glycoconjugates,
as a general tool for GSL sequencing.
Figure 5. ()NanoESI-FTICR MS of the sulfate
Solvent: Methanol. Sample concentration: 5 pmol
Scheme 2. The basic structure of the major co
sulfated glucuronyl GSLs isolated from Cauda e50. Insert: Table listing the assignment of the major detOptimization of the ()NanoESI-FT/ICR MS
Screening of Sulfated Glucuronyl
Glycosphingolipids
The potential of ()nanoESI-FT/ICR MS for screening
the complex native mixture of sulfated glucuronyl
glycosphingolipids was evaluated using the extract of
sulfated glucuronyl GSLs from bovine Cauda equina as a
testing sample. Major components in the mixture are
sulfo-GlcA-nLc4Cer species differing in the composition
of their ceramide portions (Scheme 2). The glucuronyl
GSL mixture was submitted to ()nanoESI-FT/ICR MS
experiments in the same solvent systems. Appropriate
solubilization of these species and stable spray could be
obtained by using either pure methanol or a mixture of
methanol/1-propanol/2-propanol/13 mM ammonium
acetate (16:3:3:2, vol/vol/vol/vol). These two solvent
systems with similar electrospray behavior provided
comparable results.
In Figure 5 the ()nanoESI-FT/ICR MS of the sul-
fated GSL mixture dissolved in methanol acquired for
50 scans at 380 V capillary exit voltage is presented.
L mixture extracted from bovine Cauda equina.
Capillary exit voltage: 380 V. Number of scans:
nents present in the complex native mixture of
.d GS
l1.mpoected structures as represented in Figure 5.
f the
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the ceramide portion were detected with a high signal-
to-noise ratio. The major sulfated GSL related ions
detected within the mass accuracy of maximum 10 ppm
and their proposed structures are listed in the table
inserted in Figure 5. Under these severe ESI conditions
required for promoting the ionization of sulfated GlcA-
GSLs, a significant in-source decomposition and loss of
sulfate group is observed.
To enhance the ion formation from intact mole-
cules and the detection of additional possible species
at higher m/z values, the capillary exit voltage was
slightly decreased to prevent the desulfation and
in-source fragmentation. A capillary exit voltage in
the range of 100 –300 V allowed only a poor ioniza-
tion level and signals up to 1200 m/z were detected as
dominant. A higher ionization efficiency could be
obtained under conditions of 300 V capillary exit
voltage as illustrated by the spectrum acquired for
200 scans at (Figure 6). Under these conditions,
beside the expected ions already identified in Figure
5, about ten other molecular ions in the  m/z range of
2180 –2400 were detected (Figure 6). According to
calculations, these novel species would correspond to
the sulfated and non-sulfated GlcA-nLc8Cer struc-
tures. So far, no evidence concerning their presence in
biological samples was found in the available litera-
ture. Their m/z values are in general higher than the
corresponding sulfated and non-sulfated GlcA-
nLc4Cer species by 365  2 u, which is in accordance
with the oligosaccharide chain extension for the (Gal-
GlcNAc)2 sequence. However, in spite of the fact that
these ions are related to the sulfated and nonsulfated
Figure 6. ()NanoESI-FTICR MS of the sulfate
Solvent: Methanol. Sample concentration: 5 pm
scans: 200. Insert: Table listing the assignment oGlcA-nLc8Cer species under considerable accuracy,only two ions were detected within a mass accuracy
of 10 ppm: the ions at m/z 2268.056 and at m/z
2324.125, assigned to the sulfo-GlcA-(Gal-GlcNAc)2-
nLc4Cer (d18:1/20:0) and the sulfo-GlcA-(Gal-
GlcNAc)2-nLc4Cer (d18:1/24:0), respectively. As a
reason for the lower mass accuracy of other detected
ions, the lower resolution obtained at this high m/z
values and/or the space charge effects frequently
occurring in the case of complex mixtures [33] could
be considered. The neutral as well as sialylated
nLc-series species extended for the Gal-GlcNAc se-
quence, i.e., containing nLc6Cer core structures have
already been characterized by MS methods [34]. The
presence of the nLc8Cer core containing species was
recently indicated by an immunochemical approach
using polyclonal antibodies to nLc-series GSL spe-
cies, but their structures were not proven by direct
structural analytical techniques yet [35]. As the sul-
fated and non-sulfated GlcA-nLcxCer (x  4, 6, 8) are
biosynthesized in vivo from the neutral nLcxCer
precursors, the presence of the sulfo-GlcA-nLc8Cer
species in the biological materials could be expected.
Further studies for detection of sulfo-GlcA-nLc6Cer
and the final structural characterization of these
species are necessary.
Conclusions
As a part of our general studies upon implementation of
FTICR MS in the field of complex carbohydrate analysis
[17, 20, 21], the purpose of this work was to develop a
new method for screening of lipid-linked carbohy-
drates within different structural systems based on ()
L mixture extracted from bovine Cauda equina.
1. Capillary exit voltage: 300 V. Number of
major detected structures as shown in Figure 6.d GS
ol lnanoESI-FTICR MS at 9.4 T and sequencing by SORI-
579J Am Soc Mass Spectrom 2005, 16, 571–580 NANOESI-FT-ICR MS OF COMPLEX GLYCOSPHINGOLIPID MIXTURESCID MS2 and to find the best suitable conditions in
terms of sensitivity, ionization, and fragmentation effi-
ciency, resolution and mass accuracy.
Instrumental set-up and solubilizing solvent systems
parameters were found to play a crucial role for both
sialylated and sulfated glycosphingolipid ion forma-
tion/detection by FTICR MS and the abundance of
product ions generated by SORI-CID MS2 experiments.
A particularly beneficial feature of the negative ion
nanoESI ionization in the FTICR MS in comparison with
other MS strategies is the enhancement of the relative
sensitivity for the minor versus major components in
mixtures to allow detection and identification of novel
structures previously not identified by any other ana-
lytical method. This aspect is of particular relevance for
characterization of material from biological sources.
Under a careful consideration of adequate FTICR MS
practices, a development of novel, highly efficient pro-
tocols for ganglioside and sulfated glycosphingolipid
analysis is presented.
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